First principles density functional theory was used to study the energetic, structural, and electronic properties of HfS 2 and TiS 2 materials in their bulk, pristine monolayer, as well as in the monolayer structure with the adsorbed C, N, and P atoms. It is shown that the HfS 2 monolayer remains a semiconductor while TiS 2 changes from semiconductor to metallic behavior after the atomic adsorption. The interaction with the external atoms introduces localized levels inside the band gap of the pristine monolayers, significantly altering their electronic properties, with important consequences on the practical use of these materials in real devices. These results emphasize the importance of considering the interaction of these 2D materials with common external atomic or molecular species.
Introduction
Since the discovery of graphene [1] , a new ample field of research has opened, the study of two-dimensional layered materials. Graphene exhibits very compelling properties; however, the absence of a band gap in pristine graphene stimulated the search for new materials that can overcome this difficulty, which is essential for applications as in, e.g., electronic devices. Transition metal dichalcogenides (TMD) bulk materials are composed of the stacking of weakly interacting X-M-X (X = chalcogen, M = metal) layers. This makes it feasible to obtain monolayers or few layers of TMD materials through exfoliation and other techniques [2, 3] . These two-dimensional materials show remarkable electronic and optical properties that differ from their bulk counterparts [4] [5] [6] [7] , exhibiting varied electronic behavior, being found as insulators, semiconductors, metals, semimetals, and superconductors [8] .
Among the TMD layered materials, MoS 2 and WSe 2 have received the greatest amount of attention because of their potential integration with current electronic technology [5, 9, 10] . More recently, studies on other TMD layered materials revealed attractive physico-chemical properties, among them HfS 2 and TiS 2 . Zhao et al. [11] performed ab initio theoretical studies on the electronic and magnetic properties of n-doped (F, Cl, Br, I) and p-doped (N, P, As) 1T-HfS 2 monolayers. Singh et al. [12] used a first principles approach to study the viability of 2D-HfS 2 materials as efficient catalysts for water splitting. Xu et al. [13] fabricated ultrathin HfS 2 phototransitor devices and showed that these materials have the potential for optoelectronic devices. Li et al. [14] used ab initio calculations to show the enhancement of the thermoelectric performance of TiS 2 monolayers under biaxial strain. Das et al. [15] studied the influence of substitutional defects on the S sites as well as S vacancy defects on the electronic, structural, and optical properties on 1T-and 1H-TiS 2 monolayers, and showed that these are promising materials for hydrogen and oxygen evolution reactions in water splitting processes. Samad et al. [16] studied the adsorption and diffusion of monovalent (Li, Na, P) and multivalent (Be, Mg, Ca, Al) metal ions on 1T-TiS 2 monolayers and suggest that Li can be replaced by Mg in high energy density storage batteries based on these 2D materials.
Although the intrinsic properties of pristine TMD layered materials are well characterized, the large scale fabrication of real devices based on these materials needs a deeper understanding of their properties under different conditions. It has been verified, e.g., that TMD layered materials suffer from aging effects [17] . Hence, investigations that explore the interaction of TMD layered materials with external agents, such as common atoms and molecules, are required.
In this work, we use first principles density-functional theory calculations to study HfS 2 and TiS 2 monolayers with adsorbed C, N, and P atoms. We start characterizing the bulk and pristine monolayers of HfS 2 and TiS 2 materials. The structural and energetic features of the TMD monolayers with adsorbed atoms are then described and discussed. We analyze the electronic properties of the interacting systems and show that the electronic properties of the pristine materials are significantly affected by the adsorbents. The results stress the necessity to take into account the influence of external agents when considering applications based on TMD monolayer materials.
Methodology
The Density Functional Theory was used to study the structural and electronic properties of the bulk and monolayers of 1T HfS 2 and TiS 2 materials. The exchange and correlation functional was described using the generalized gradient approximation (GGA) [18] . The Bloch functions were expressed in terms of a plane-wave basis set, with a cutoff energy of 500 eV. The projected augmented wave [19] method was used to treat the interactions between the core and valence electrons. Geometry optimizations were carried out using the conjugated gradient method, with the convergence criteria for the total energy and atomic forces being 1 × 10 −4 eV and 1× 10 −3 eV/Å, respectively. A primitive unit cell, with one transition metal and two sulfur atoms, was used to study the bulk and the pristine monolayers. For the monolayers with adsorbed C, N, and P atoms, the unit cells used were nine times larger, containing 9 Hf/Ti atoms, 18 sulfur atoms, and 1 external adsorbed atom. The average of extensive quantities within the first Brillouin zone was performed using a Monkhorst-Pack sampling of k-points [20] . The number of k-points used in the calculations were 5 × 5 × 5, 9 × 9 × 1 and 5 × 5 × 1 for the bulk, pristine monolayers, and the monolayers with an adsorbed atom, respectively. Once the ground state geometry was obtained, non-spin polarized single-point total energy calculations including the spin-orbit interaction were performed. The calculations for bulk materials were done using the Grimme's empirical dispersion correction [21] .
The GGA/PBE approach for the exchange and correlation functional, as well as the majority of the local and semi-local functionals, is known to give energy gap values that are smaller than experimentally observed. In order to improve the description of the electronic structures, single-point total energy calculations using the GGA-1/2 approach were performed on the GGA/PBE ground state geometries [22] .
All calculations were performed using the Vienna Ab Initio Simulation Package (VASP) [23, 24] .
Results and Discussion

HfS 2 and TiS 2 Materials
The HfS 2 and TiS 2 materials may have different crystallographic forms, or polytypes [8] . For the transition metals of group IV in the periodic table (Ti, Zr, Hf), the most stable structure of MX 2 (X = S, Se, Te) compounds is known as 1T, where the letter T refers to the type of X-M-X stacking of the atomic layers and the symmetry of the bonds formed between the transition metal and its six nearest neighboring chalcogen atoms. This set of atoms will form a prismatic (D 3h symmetry) or anti-prismatic (D 3d symmetry) trigonal bipyramid. For the materials studied here, the local symmetry is D 3d . The studied 1T HfS 2 and TiS 2 crystals have a P3m1 spatial symmetry.
An optimization of the volume and atomic positions of the HfS 2 primitive cell resulted in lattice parameters a = 3.610 Å and c = 5.959 Å, with the distance between nearest neighboring S and Hf atoms being d = 2.540 Å. These results are in good agreement with previous theoretical [25] and experimental [26] studies. Figure 1a shows the energy band structure obtained for HfS 2 using the GGA (solid black line) and GGA-1/2 (dashed red line) approaches. Both approaches show a very similar band dispersion, with an indirect energy gap Γ → M. The GGA calculation finds a Γ → M gap of 1.15 eV, while the GGA-1/2 finds 2.38 eV for the same gap. The Γ → Γ direct band gap values for the GGA and GGA-1/2 calculations are 1.91 eV and 3.22 eV, respectively. These results can be compared with those by Jiang [27] , who found 0.90 eV and 1.96 eV for the indirect gap Γ → M using the GGA/PBE and GW calculations, respectively. Results of optical measurements on this material by Greenaway and Nitsche [28] show an indirect band gap of 1.95 eV. The fact that the calculated energy gaps are larger than those experimentally observed can be explained by the fact that in these materials the excitonic effects are quite pronounced [29] .
Energy (eV) Figure 1 . Energy band structures and projected density of states (PDOS) of (a) 1T HfS 2 and (b) 1T TiS 2 bulk crystals. In the band structures the black solid (red dashed) lines represent the results obtained using the GGA/PBE (GGA-1/2) approach. In the PDOS, the blue and green lines represent the transition metal and the sulfur atoms, respectively.
The optimization of the TiS 2 resulted in lattice parameters a = 3.374 Å and c = 5.976 Å, with the distance between nearest neighboring S and Ti atoms being d = 2.419 Å. A comparison with the experimental results of Allan et al. [30] , which yield a = 3.407 Å and c = 5.695 Å, shows that there is a 4% discrepancy between the values of c.
The calculated band structure for TiS 2 , using both the GGA and GGA-1/2 approaches, shows that this material is a semimetal, with the top of the valence band at Γ overlapping the bottom of the conduction band at M, as shown in Figure 1b . These results are in good agreement with previous theoretical studies [31] .
The agreement between our GGA-1/2 results with more computationally demanding calculations, and also with experimental results, for bulk 1T-HfS 2 and 1T-TiS 2 , allows us to be confident in applying this methodology to the study the monolayered materials.
1T HfS 2 and TiS 2 Monolayers
Starting from the equilibrium structures obtained for the HfS 2 and TiS 2 materials in their bulk forms, we isolate monolayers and optimize both its lattice vectors and atomic positions. The large unit cell used for these calculations has a lattice parameter c = 12 Å along the stacking direction, which is enough to avoid the interaction between layers at neighboring cells.
1T HfS 2 Monolayer
As a result of the optimization process of the 1T HfS 2 monolayer, an increase in the in-plane lattice constant was observed, passing from 3.61 Å in the bulk phase to 3.65 Å in the monolayer form, while the distance between neighboring S and Hf atoms increases from 2.540 Å in the bulk phase to 2.553 Å in the monolayer. Figure 2a shows the band structures obtained using the GGA/PBE and GGA-1/2 approaches. The dispersion of the electronic bands using both methodologies is similar. The indirect gap value Γ → M is 1.259 eV for the GGA/PBE, and 2.557 eV for the GGA-1/2, while the direct gap at Γ is 1.956 eV for GGA/PBE and 3.286 eV for GGA-1/2. The band gap variations between the GGA/PBE and GGA-1/2 are equivalent for both direct and the indirect band gaps, being 1.3 eV. These values agree with those obtained by Zhuang and Hennig [32] who found Γ → M gap values of 1.27 eV for GGA/PBE and 2.45 eV using the G0W0@PBE approach. Rasmussen and Thygesen [33] determined the direct (at Γ) and indirect (Γ → M) gaps values using two different methodologies, LDA and G0W0@LDA. The values found by these authors are E gap = 1.77 eV (LDA, Γ → Γ, E gap = 1.06 eV (LDA, Γ → M), E gap = 3.97 eV (G0W0 @ LDA, Γ → Γ) and E gap = 2.98 eV (G0W0@LDA, Γ → M). 
1T TiS 2 Monolayer
As in the case of an 1T HfS 2 monolayer, the optimization of the 1T TiS 2 monolayer resulted in an increase of the lattice parameter in the monolayer plane, being a = 3.374 Å in the bulk phase and a = 3.405 Å in the monolayer. The distance between the first neighboring S and Ti atoms also shows a small increase relative to its value in the bulk phase, being 2.419 Å in the bulk and 2.434 Å in the monolayer. Figure 2b shows the electronic band structure of the 1S TiS 2 monolayer obtained using the GGA/PBE and GGA-1/2 approaches. It is noteworthy that the band gap opens when the GGA-1/2 approach is used. The values of direct (Γ → Γ) and indirect (Γ → M) energy gaps are 1.138 eV and 0.780 eV, respectively.
There is a controversy in the literature about the electronic nature of the 1T TiS 2 monolayer, with experimental and theoretical groups characterizing the system either as a semimetal [34] or as a semiconductor [35, 36] . In the work of Fang et al. [27] , the authors report the 1T TiS 2 bulk material as a semimetal and the monolayer as a semiconductor, with an indirect gap value (Γ → M) of 1.0 eV, in agreement with our results using the GGA-1/2 method.
As in the case of the 1T HfS 2 monolayer, the density of states near the top of the valence band consists of two levels whose main contributions come from p x and p y orbitals of the S atoms. The levels at the bottom of the conduction band are formed from the d xy orbitals and d z 2 of the Ti atom. These levels at the band edges are unfolded, as well as for the case of the 1T HfS 2 , due to the spin-orbit coupling.
HfS 2 and TiS 2 Monolayers with Adsorbed Atoms
The adsorption of the C, N, and P atoms on 1T HfS 2 and TiS 2 monolayers was studied using an unit cell that is nine times larger than the primitive cell for the pristine monolayers. The number of atoms in the enlarged cell (without the adsorbents) is 27, with 9 transition metal and 18 chalcogen atoms. Once the adsorbents are introduced into the unit cell (C, N, P), the lattice vectors and the atomic positions are optimized. The initial configurations have the adsorbent atoms placed directly on top of one of the S atoms of the monolayer, at a distance of 1.50 Å.
Energetic and Structural Properties
The structural optimization of the HfS 2 and TiS 2 monolayers with an adsorbed C atom resulted in the structures shown in Figure 3a ,b. It can be seen from Figure 3a that the adsorbed C atom migrates to a position where it is equally distant from two S atoms at the top layer, and almost on top of an Hf atom. The C-S distance at this configuration is 1.79 Å, while the C-Hf distance is 2.09 Å. For the TiS 2 monolayer, the C atom will be almost on top of a Ti atom, but in this case the distances to the S atoms at the top layer will not be equal. The two shorter C-S distances are 1.69 Å (shorter than in the HfS 2 monolyaer) and 2.16 Å, with the C-Ti distance being 2.40 Å.
The minimum energy structures found for the monolayers with adsorbed N atom are shown in Figure 3c ,d. The geometry optimization shows the adsorbed N atom on a bridge position between one S atom at the top layer and one Hf atom of the monolayer. The defining distances of this equilibrium configuration are N-S = 1.64 Å and N-Hf = 2.02 Å, with a bent angle S-N-Hf = 91.96 o . For the N atom on a TiS 2 monolayer, the optimized geometry shows the N atom on top of a S atom at the outermost layer, with an N-S distance of 1.54 Å.
The optimized geometries for the P atom adsorbed on HfS 2 and TiS 2 monolayers are shown in Figure 3e ,f. Similarly for the N atom, the adsorbed P atom on the HfS 2 monolayer forms a bridge between a S atom at the outermost layer and one Hf atom of the monolayer. The distances and the bent angle characterizing this configurations are P-S = 2.09 Å, P-Hf = 2.60 Å, and S-P-Hf = 67.16 o . For a P atom adsorbed on a TiS 2 monolayer there will be a similarity with the case of an N atom on HfT 2 , with the P atom will be on top of a S atom at the outermost layer, resulting in a P-S distance of 2.02 Å. It should be noted that the S atoms are distributed around the transition metal atoms in a D 3d symmetric arrangement, with three of them in a plane above and other three of them in a plane below the plane of the transition metal atoms. Some of the sticks representing the bonds between the adsorbed atoms and the atoms at the 2D structure are absent because the distances between these adsorbed atoms and the atoms at the 2D structure are greater than the default values established in the Visual Molecular Dynamics (VMD) package [37] .
The binding energies, E B , of the C, N, and P atoms on the HfS 2 and TiS 2 monolayers are calculated using the following equation:
where MS 2 and X represent the monolayer and the adsorbed atom, respectively. The total energies of the C, N, and P atoms were obtained by spin polarized calculations, in order to correctly describe their atomic spin states. The binding energies of an X atom on the HfS 2 and TiS 2 monolayers are shown in Table 1 . Some general trends can be observed from these data. First, the dependence of the binding energies on the species of the adsorbed X atom follows the order E B (X(H) = C) > E B (X(H) = N) > E B (X(H) = P). Second, the binding energies for adsorption of an X atom on the TiS 2 monolayer is greater than those for the HfS 2 when X = C or X = P, while the binding energies on HfS 2 are larger than those for TiS 2 when X = N.
Another important energetic characteristic of these 2D systems is the minimum energy necessary to extract an electron, the work function, Φ. The work functions have been calculated by the difference between the Fermi energy and the vacuum level:
where E vac and E F and the energies of the vacuum and the Fermi levels, respectively. The vacuum level is determined as being the constant value of the average electrostatic potential inside the simulation large unit cell far from the materials system. Table 1 shows the calculated work functions for monolayers both pristine and with an adsorbed atom. From the values shown in Table 1 , it can be seen that, while the work functions for TiS 2 monolayers with adsorbed atoms are greater than the corresponding values for HfS 2 , the opposite is observed for the work function of pristine monolayers, with the work function of HfS 2 being greater than that for the TiS 2 . Furthermore, Φ shows the following order for both monolayers:
showing that the work functions for the systems with an adsorbed N atom are the largest.
Electronic Properties
In order to analyze the electronic properties of the HfS 2 and TiS 2 monolayers with adsorbed common atoms, we analyze the projected density of states (PDOS) of the studied systems. The calculated PDOS are shown in Figure 4a -f, for the HfS 2 and TiS 2 monolayers with adosrbed C, N, and P atoms, respectively.
The HfS 2 monolayer with an adsorbed C atom shows two filled levels inside the band gap at ∼0.1 eV and ∼1.0 eV below the Fermi energy, see Figure 4a . The main contributions of these levels come from the Hf, S, and C atoms at the adsorption site, with the level closer to the Fermi energy showing a lower contribution from the S atom. The small bandwidth of these levels shows that they are spatially localized, and are due to the bonds formed between the adsorbed C atom and the S and Hf atoms of the monolayer. This system is a semiconductor, with an energy gap of 0.64 eV.
The adsorption of a C atom on the TiS 2 monolayer introduces also two occupied levels inside the band gap of the pristine monolayer at ∼0.1 eV and ∼1.0 eV below the Fermi energy, see Figure 4b . The level deeper in the gap has comparatively equivalent contributions from the Ti, S, and C atoms, whereas the level closer to the Fermi energy has greater contributions from the Ti atom. These are small bandwidth localized levels, located at the adsorption site. The system changes its electronic character, passing from a semiconductor behavior at its pristine form to a metallic character when interacting with an external C atom. Figure 4c shows the PDOS for the HfS 2 with an adsorbed N atom. It can be seen from this figure that there are three sets of levels inside the band gap of the pristine HfS 2 monolayer. Two of them are occupied with electrons, below the Fermi energy, and one is empty, above the Fermi energy. For the occupied levels in the gap, the greater contributions come from the N atom. For the empty level, the three atomic species have almost similar contributions. The occupied levels in the gap are within ∼0.6 eV below the Fermi energy, while the empty level in the gap is centered at 0.78 eV above the Fermi energy. The system will still have a gap between the occupied and empty levels of ∼0.9 eV. The adsorption of an N atom on the pristine TiS 2 monolayer turns the system metallic, as shown in Figure 4d . The Fermi energy is at the bottom of a band that can be recognized as the conduction band of the pristine TiS 2 monolayer, and has major contributions from the Ti atoms. The top of the valence band appears 0.70 eV below the Fermi level, with greater contributions from the S atoms. A level with major contributions from the N atom is located 1.0 eV below the Fermi level. The sets of levels appearing below the Fermi energy, from 0.7 to 1.0 eV, can be recognized as originating from the presence of the adsorbed N atom.
The PDOS of Figure 4e shows that when a P atom is adsorbed in the HfS 2 monolayer, a set of occupied levels appear in the energy gap of the pristine HfS 2 monolayer, with greater contributions from the P atom. This set of levels inside the gap have a bandwidth of ∼1.2 eV. The peak of these levels that is closest to the Fermi energy is located 0.17 eV below the Fermi energy. The system is a semiconductor with an energy gap of ∼0.8 eV.
The PDOS for the P adsorbed atom on the TiS 2 monolayer is shown in Figure 4f . It shows a localized occupied level ∼0.5 eV inside the band gap. This system shows a metallic character.
For all the studied cases, the levels inside the band gap have contributions coming from electrons in p-like orbitals of the adsorbed atoms.
The analysis of the PDOS for all the HfS 2 and TiS 2 monolayers with adsorbed C, N, and P atoms show the presence of levels inside the band gap. All the HfS 2 monolayers show a semiconductor behavior. For the TiS 2 monolayers with adsorbed atoms, on the other hand, all systems present a metallic character.
These results show that the interaction with common atoms can significantly alter the electronic behavior of the pristine TMD monolayers, which must necessarily be taken into account when considering using these unique materials for challenging technological applications as solar cells and H 2 generation by water splitting.
Conclusions
The energetic, electronic, and structural properties of HfS 2 and TiS 2 have been studied through density functional first principles calculations. The bulk and monolayers are characterized and the adsorption of C, N, and P atoms on the monolayers is investigated. The binding energies reveal covalent chemical interactions between the adsorbent atoms and the monolayers. The work functions of the TiS 2 monolayers with adsorbed atoms are systematically larger than those for the HfS 2 monolayers, contrarily to the pristine cases. A distinctive electronic behavior is observed for the HfS 2 and TiS 2 monolayers with adsorbed atoms. Almost all HfS 2 monolayers+adsorbent atoms present a semiconductor character, with the adsorbents introducing deep occupied levels in the band gap, while the TiS 2 monolayer with adsorbed atoms show a metallic behavior. Overall, the results show that the interaction of HfS 2 and TiS 2 monolayers with common external atoms can strongly influence the electronic responses of these monolayers, which must be taken into account when considering the use of these materials for electronic applications.
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